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ABSTRACT 
We have grown Ge dots by physical vapor deposition on step bunched Si(111), vicinal Si(100) and 
oxidized Si(100) surfaces. A control of their one- and two-dimensional ordering was achieved 
through the combination of top-down patterning techniques (Focused Ion Beam milling) and 
naturally occurring instabilities. We studied the growth kinetics and self-organization of the islands 
using Scanning Tunnelling Microscopy in UHV and Atomic Force Microscopy, and we used a 
software routine to analyze the in-plane ordering of the islands on selected images. We focused on 
the study of the first nucleation stages of the dots, and attempted to correlate the observed behavior 
with the properties of high-miscut vicinal Si(100) surfaces. The relevance of this research to 
quantum-dots based technology is discussed. 
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I. INTRODUCTION 
Epitaxially grown semiconductor quantum dots (QDs) on silicon surfaces have long been 
under intensive investigation in nanotechnology1. Due to strain-induced Stransky-Krastanov 
instability, 3D islands form spontaneously on Si upon Ge deposition over a critical thickness. Many 
approaches have been attempted so far to obtain different arrangements of the QDs at the nano and 
mesoscale2,3. Although the pursuit of the controlled nanomanufacturing (CN) of Ge islands, i.e. the 
automated, parallel fabrication of individual nanostructures with control over position, size, shape, 
and orientation at the nanometer scale4, resulted in remarkable attainments in the field of Si/Ge 
heteroepitaxy, an ultimate mastery of islands size and positioning is still elusive. The tailored 
combination of top-down lithographic techniques to nanostructure the surface with high-resolution 
together with bottom-up strategies following different paths to minimize the system free energy are 
in perspective the best means to achieve the quick, reliable and reproducible CN of QDs that is 
needed for the unfolding of Si/Ge technology in the years to come.  
In this paper we present routes and analysis methods that add up to the wide repertoire already 
available in the self-assembly of Ge dots on Si. In particular, we describe the use of steps to drive 
the nanostructures self-organization at the mesoscale and of Focused Ion Beam (FIB) milled 
patterns5 to control the positioning of dots at the nanoscale. In the former case, step-bunched 
Si(111) surfaces and stepped Si(100) vicinal surfaces are used to fine-tune the islands nucleation 
and kinetic evolution, whereas in the latter case dense arrays (up to 1010 dots/cm2) of laterally 
ordered dots are prepared by the dewetting of a thin Ge film. Our aim here is to give a tentative 
account of ordering phenomena and unexpected growth instabilities. This is accomplished by 
relating the properties of the bare substrates to the growth kinetics and by calculating the pair 
distribution function of dots patterns to assess short and long-range order. The latter methodology 
can be easily extended to study the self-organization of ceramic and metallic nanoparticles6,7, and is 
surprisingly rich in physical insight. 
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II. EXPERIMENTAL AND RESULTS 
Here we discuss samples preparation, results and analysis for the three relevant case studies of step 
bunched surfaces (Section A), Si(100) vicinal surfaces (Section B) and Focused Ion Beam (FIB)  
patterned SiO2 samples (Section C). 
A. Si(111) step-bunched surfaces 
On Si(111) surfaces, direct current heating in the step down direction may cause the formation of 
bunches of surface steps depending on the temperature and on the mass transport regime8, yielding 
a simple way to obtain a template for nanopatterned growth of Ge onto Si9. The step bunched (SB) 
clean surface consists of flat terraces separated by groups of monoatomic steps acting as favored 
nucleation sites due to local stress relaxation10. Ge was delivered on the SB surface via physical 
vapor deposition (PVD) while the sample was held at 450°C. We acquired images in situ using 
Scanning Tunnel Microscopy (STM) in UHV during the growth process, and studied the position 
and shape evolution of the Ge islands.  
Following the wetting layer formation, triangular islands nucleate at the SB, and after rounding their 
corners they merge in 1D structures. Subsequently, islands nucleation takes place on flat terraces, 
defining 1D areas crowded with islands that run almost parallel to the step edges (Fig. 1). The 
capture of adatoms towards the high-density, early-nucleated dots at the step bunches is responsible 
for the islands depletion aside the long ribbons, so that further dots nucleation takes place in the 
middle of the terraces. The whole process is much analogous to a lithographic process (i.e., a 
definition of different areas on a surface), with the peculiarity to be totally self-driven. Furthermore, 
by varying the terrace width of the clean surface the number of rows of islands nucleated on the flat 
terraces can be controlled, and no growth is observed when the terrace width is smaller than 
wdepl≈1µm due to adatoms diffusion towards step bunches. Unfortunately, the complicated SB 
kinetics undermines the reproducibility of specific islands patterns. 
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B. Vicinal Si(100) surfaces 
Vicinal surfaces of Si(100) present a stepped morphology allowing for the accommodation 
of the miscut angle θ. The growth of strained structures such as Ge islands usually occurs via the 
formation of a series of instabilities at the surface. At high Ge coverage (say, >5ML), low miscut 
Si(100) surfaces commonly display a wide range of such instabilities11, mainly due to step-edge 
barriers and diffusion anisotropy, while high miscut angles (e.g. θ=8-10°) surfaces exhibit a rippled 
morphology resulting from the complex interplay of kinetic factors. Although a few studies in 
which a clever use is made of such instabilities exist12,13, a satisfactory investigation of the early 
nucleation stages, where many of the physically relevant phenomena are temporally concentrated, 
has hitherto never been performed.  
In an attempt to fill this gap and following previous work on the subject2,14, we report additional 
observations of the first stages of Ge growth on Si obtained on samples with miscut angles towards 
the [110] direction in the range 2°-10°, whose systematic analysis is still underway. All the clean 
vicinal surfaces were annealed at 1200°C in UHV vacuum, and Ge was deposited by PVD at 500°C 
using a low flux of 1.25·10-2 ML/s to suppress kinetic step bunching. At miscut angle  θ=2° the 
islands form as pyramids enclosed by four facets, as in the case of flat Si(100)15, but they are 
elongated in the [110] direction, probably due to the increased adatom diffusion in this direction. At 
θ≈8-10° an instability occurs whereby the pyramids display only two opposite reconstructed {105} 
facets normal to the [110] direction, while in place of the two missing facets only a corrugated 
morphology is observed (Fig. 2a). As the Ge deposition continues, the missing facets never develop 
and at roughly 4ML coverage the islands evolve through a step flow process to form ripples 
elongated in the [110] direction and still bordered by fully reconstructed {105} facets (Fig. 2b). At 
larger Ge coverage the ripples grow higher and longer, with an appealing 1D, well ordered 
appearance. 
Since vicinal Si(100) surfaces display a variety of interesting physical phenomena, it is 
plausible that the observed instability is related to the structure and properties of the substrate at 
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high miscut angles. For θ<2° the surface consists of single-atomic-height steps, with a resulting 
alternation of (2x1) and (1x2) reconstructed terraces. As the miscut angle θ is increased, an 
evolution from a surface made up mainly of single-atomic-height steps to a surface made up mostly 
of double-height steps occurs16. For energetic reasons, double steps form only with (2x1) 
reconstruction (DB steps) and are rebonded up to θ=11°17. Clearly, DB steps alternate without 
change in reconstruction. The transition from single to double steps18,19 can be modelled as an 
equilibrium chemical reaction SA+SB↔DB that proceeds rightwards as θ is increased16. Since the 
diffusion coefficient is higher in the dimer-bond orthogonal direction15, a higher diffusivity of Ge is 
to be expected in the step down direction at high θ values as dimers are orthogonal to [110] 
throughout the surface.  
An additional increase in the diffusivity in the [110] direction might also be due to the 
increase in steps stiffness as θ is increased20. The steps stiffness quantifies the tendency of a step to 
remain straight21 (as opposed to give wandering), and can be measured evaluating the mean square 
wandering of the steps from experimental STM images22,23. We measured the steps stiffness for 
different miscut angles by fitting the steps profiles with spline functions and found that it increases 
monotonically as θ increases20. This calls for a higher flux of adatoms necessary to keep the steps 
straighter with respect to the low miscut case (assuming that the energy to excite short kinks is 
independent of θ). Such an anisotropy should reveal more clearly at high temperatures (where 
surface diffusion is enhanced) and at low Ge deposition rates21. The higher flux of adatoms on the 
surface in the [110] direction could thereby destabilize the formation of facets orthogonal to [110], 
explaining our results. A profound nexus exists between steps thermodynamic properties at surfaces 
and nanostructures growth21, and its unravelling is a necessary future task in the pursuit of the 
atomically precise fabrication roadmap24. 
 6 
C. Analysis of in-plane self-ordering on SiO2 surfaces 
We investigated the self-ordering process of Ge islands on Focused Ion Beam (FIB) 
patterned and non-patterned oxidized Si samples. We prepared our samples following a procedure 
described in more detail elsewhere25. Dense arrays of holes (4 x 1010 holes/cm2) were produced by 
Focused Ion Beam (FIB) milling selected areas of a Si substrate. The holes (30±2 nm in diameter) 
are arranged in a square pattern with a pitch distance of 48±3nm, as measured ex situ by atomic 
force microscopy (AFM). The final sample topography is a mix of FIB patterned and non-patterned 
flat areas. After the formation of a 5nm thick surface layer of clean SiO2 through a controlled 
oxidation process, the sample was loaded into the growth chamber where a thin Ge film (4.8 ML in 
thickness) was deposited under UHV conditions at room temperature and subsequently annealed for 
20min at 773K. During the annealing the thin, amorphous Ge film evolved through a controlled 
dewetting process26 to form droplets on the oxide. After the deposition-annealing cycle, ex situ 
AFM imaging was used to check the resulting morphology, separately on patterned and non-
patterned areas. On patterned regions, due to the surface nanostructuring, Ge droplets exhibit very 
good ordering (Fig. 3a), with a density up to 3.5 x 1010 dots/cm2 and an average diameter of approx. 
40nm. Conversely, no lateral order is observed on non-patterned areas (Fig. 3b), which are 
homogeneously covered with Ge dots of 30nm average diameter and a seemingly random spatial 
distribution. To quantify the long- and short-range order of the two patterns, we evaluated the pair 
distribution function (PDF) of each assembly of dots starting from the images shown in Fig. 3. For 
our scopes, we define the two-dimensional PDF as27: 
( ) ( ) ,
2
= ρpi rr
rN
rg
∆    (1) 
 
where, centering on each dot,  N(r) is the number of dots found in the circular crown of area 2πr∆r  
at distance r, ∆r is the radial width of the circular crowns considered (i.e. the bin size of the 
distances distribution) and ρ is the mean dot density in the image. The PDF, as defined in (1), has an 
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asymptotic value of 1, and deviations from unity are interpreted as fluctuations from the mean 
density at a given distance r from a dot, within a bin size ∆r. Our analysis is performed using a 
software routine28 that is able to detect the centers of mass of the islands in the image (with only 
minor lapses) and to calculate the PDF therefrom. The PDFs related to the patterned and non-
patterned areas of the sample are shown in Fig. 3a and 3b, respectively (each under the image to 
which it refers). Here we report a brief account of the results, while an extensive explanation and a 
comparison with simulated data can be found in Ref. 29. 
It is known that FIB milled holes are favored nucleation centers2,30 for Ge dots, and a long-
range ordered arrangement of dots similar to the underlying holes pattern is thus expected on 
patterned regions. Indeed, the PDF shows the presence of several peaks with a value well above 1 
(Fig. 3a), each of them corresponding to a set of dots shells. More careful investigation and 
comparison with a simulated PDF confirms that dots nucleate at the holes sites29, and hence that an 
increase in the dots density can be obtained through the use of denser holes templates. Despite the 
random appearance of the dots positions, on non-patterned regions some degree of order is expected 
as well, owed to the islands growth mechanism that involves an adatom diffusion process. As a 
matter of fact, the presence of a capture zone (CZ)31 around each nucleated dot decreases the 
nucleation probability around each stable nucleus and hinders the formation of two very close 
islands. As a consequence, a peak is found in the PDF at a nearest-neighbor distance of 49±3nm, 
while only noise contributes to the signal at higher distances (Fig. 3b). The trend of the PDF clearly 
points out an effect of short-range ordering, totally hidden at visual inspection but easily unveiled 
through the use of our software routine. 
The same analysis procedure could in principle be extended to ceramic and metallic nanoparticles, 
where ordering on the nano and mesoscale determines a new range of physical properties currently 
under intense investigation32,33. The time evolution of systems where the ordering of QDs varies in 
response to sudden chemical modification of the surface34,35 can also be studied with our 
methodology by assessing the dynamic PDF. 
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III. CONCLUSION 
 
We have shown a range of experimental situations in which the position, ordering, shape 
and density of Ge QDs can be controlled using a combination of kinetic phenomena and top-down 
lithography, as well as a method to assess the resulting ordering. The use of steps as line defects to 
promote desired dots configuration at the surface, while still at its inception, is likely to develop into 
unique capabilities to self-assemble the islands. The realization of arrays of dots with increasing 
density, lateral isolation, ordering and size control is becoming crucial for the full technological 
development of the Ge\Si technology in nanomemories36 and nanotransistors, and new fast and 
reliable self-assembly routes are being increasingly sought after. The controlled nanomanufacturing 
of Ge islands is the ultimate goal to address the tricky problems underlying the future usability of 
these nanostructures. 
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LIST OF FIGURE CAPTIONS 
 
 
Figure 1.  STM image showing the formation of Ge islands on selected regions of the substrate. 
a) Rows of Ge dots on flat terraces. The number of parallel rows increases with increasing step 
width. b) No islands form on terraces narrower than a critical width (≈1µm). 
 
Figure 2. Growth on an 8° off vicinal Si(100) vicinal surface. a) At low coverage a pyramid forms 
with two missing facets. The instability is presumably due to the high diffusivity in the [110] 
direction. b)  40x40nm STM image showing the formation of ripples after 15ML Ge deposition. 
 
Figure 3. Dots formation through dewetting of a Ge layer. a) The patterned sample shows long 
range order of dots, and in the related PDF several peaks are present, each corresponding to 
multiple dots shells. b) On the non-patterned SiO2 surface, short range order among the dots is 
revealed by the PDF analysis. 
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